H uman induced pluripotent stem cell (iPSC) technology has great potential for cell therapy 1, 2 ; however a risk of tumorigenicity has been identified. Indeed, incidents of tumor formation have been observed in chimeric mice derived from mouse iPSCs due to the presence of the pro-oncogene, c-MYC, in reprogramming [3] [4] [5] . In the undifferentiated state, the pro-oncogenic nature of iPSC lines is not entirely predictable as global gene expression patterns and their epigenetic state in iPSCs are similar to that in embryonic stem cells (ESCs) 6, 7 . Like ESCs, when iPSCs are transplanted into animals, they will form teratomas; however, teratoma formation cannot predict the pro-oncogenicity of select iPSCs. Currently, chimera formation in mouse is a reliable approach to identify pro-oncogenic iPSCs, but this method cannot be practiced using human iPSCs. In addition, tests in animal models can be time consuming. For example teratoma formation, which is not a test for oncogenic potential can take between one and ten months 8 . Therefore, a quick and reliable surrogate test for oncogenicity in human iPSCs needs to be developed.
The in vitro differentiation of iPSCs may provide an alternative approach to evaluating tumorigenic risk. We have focused on using cartilage tissue engineering as a differentiation model for ESCs, since functional 3D cartilage tissues can be formed in vitro with simple and robust protocols 9, 10 . Unique and uniform morphology of cartilage tissue helps to identify any abnormal cell growth or differentiation by histological analysis. Here, we report that cartilage tissue engineering using iPSCs is an excellent method for identifying cell lines, which display abnormality during differentiation.
Results
Human ESCs and iPSCs differentiate into the chondrocyte lineage. Previously, we have demonstrated cartilage tissue engineering as a differentiation model for mouse ESCs. In this study, we modified this method for human pluripotent stem cells. For chondrogenic differentiation, high-cell density micro-mass culture was treated with low concentration of FBS, Insulin-Transferrin-Selenium-X supplement, BMP-2, TGF-b1, and ascorbic acid, as previously described 11 . We performed chondrogenic differentiation experiments using 6 human ESC lines and 21 human iPSC lines derived from 5 different methods: i) retrovirus 4F (OSKM) with EOS reporter 12 , ii) retrovirus 4F ( c-MYC) 4 , iv) retrovirus L-Myc (OSKL, L-MYC instead of c-MYC) 5 and v) integration-free episomal 6F (OSKLp53LIN) 13 and 3 cellular origins, i) infant fibroblasts, ii) adult fibroblasts and iii) adult dental pulp (Supplementary Table 1) .
Human ESCs formed cartilage-like tissues in vitro and in vivo.
Following micro-mass chondrogenic differentiation, human ESCs formed aggregates, and expressed cartilage matrix proteoglycans as detected by Alcian Blue staining and collagen 2 (COL2) as detected by immunohistochemistry ( Figure 1A and B). Differentiated ESCs expressed chondrocyte-related genes, SOX9 and COL2 ( Figure 1C ). Following 6 weeks of culture, human ESCs formed the phenotypic hallmarks of cartilage, as indicated by histological (H&E, and Alcian Blue) and immunohistochemical (COL2) staining ( Figure 1D ). In order to characterize the ESC-derived cartilage in vivo, transplants were performed subcutaneously into SCID mice. Six months after transplantation, not only was cartilage found, as indicated by Toluidine Blue and Alcian Blue staining, but so was bone, as indicated by Methylene Blue staining following transplantation ( Figure 1E . Supplementry Figure 1 ). We attribute this to endochondral ossification, a natural process whereby cartilage is replaced by bone tissue following hypertrophy and degradation. These results indicated that human ESCs could generate cartilage safely in vitro and in vivo. Figure 5) . These results indicated that certain iPSC lines might have prooncogenic potential, which is revealed following differentiation into cartilage.
Identify abnormal differentiation of human iPSC clones through in vitro cartilage tissue engineering. Using in vitro cartilage tissue engineering, we could identify abnormal iPSC clones. As a typical case, one such abnormal line (BJ-EOS-4YA) displayed glandular epithelial cysts in approximately 35% of micro-mass aggregates following six weeks of diffrentiation into cartilage (Figure 3A,  Supplementary Table 2) . This, and one other line (246H2) were identified as ''early'' tumorigenic lines, because the abnormality appeared at a relatively early stage during cartilage differentiation ( Figure 3B , Table 1 , Supplementry Figure 4) .
We also identified the other two ''late'' tumorigenic lines (4YF, 451F3) that formed secretory tumors later (.8 weeks) within the cartilage template ( Figure 3A , 3B, Table 1 Exploring the predominant genes in each type of abnormal clone. We next investigated gene expression at 4 weeks of differentiation in early tumorigenic lines. Two tumorigenic lines (4YA, 246H2) showed higher expression levels of the endogenous protooncogenes, c-MYC and LIN28B compared with the other lines (Supplementary Figure 8) . To contrast, the late tumorigenic lines showed residual expression of the pluripotency genes, endogenous OCT4 and NANOG at 2 weeks of differentiation (Supplementary Figure 9) . In the death line, where we observed apoptotic cells within the cartilage template, the inflammatory cytokines, IL6 and TNFa were expressed at much higher expression levels in these iPSC clone (Supplementary Figure 10) .
Reprogramming method and cell origin affect tumor-forming propensity. When comparing reprogramming methods, the use of proto-oncogenes, c-MYC and LIN28, as a reprogramming factors showed the higher risk of pro-oncogenicity (4/13 [30%]), regardless of retroviral or episomal transduction (Table 2 ). Similar to previous reports of mouse iPSC-derived chimera 5 , L-MYC and without c-MYC decreased the tumor formation in human (0/3, 1/5 [20%], respectively). Although integration-free iPSC lines theoretically should present a low tumor risk due to lack of genomic damage 13 , one such iPSC line (451F3) still showed late tumor forming capacity. These results imply that the reprogramming method, in particular the combination of reprogramming factors, is important for preventing the risk of iPSC tumor forming capacity.
One iPSC line (246H2) displayed tumors regardless of the absence c-MYC. Interestingly, this iPSC line was generated from the same infant fibroblast cell line (BJ) as two other pro-oncogenic iPSC lines (Table 3, Supplementary Table 1) . These results imply that the tumor-forming propensity may also depend on the cell origin in addition to the reprogramming factors.
Discussion
Evaluating the safety of iPSCs is a foremost issue in cell therapy. As the reprogramming factor c-MYC or LIN28 are oncogenes found in many human cancers 15, 16 , there remains a risk of oncogenic transformation. However, this risk is unclear as a useful model system to evaluate this property has been lacking thus far.
In this study, we found that certain human iPSC clones are in a pro-oncogenic state that is revealed by ectopic presence of secretory tumor tissue during in vitro cartilage differentiation. Our results imply that even though ESCs and iPSCs display nearly identical cell behaviour in the undifferentiated state, their pro-oncogenic differences might only become revealed by differentiation. Here, cartilage differentiation may provide a special environment for revealing tumorigenicity, as we have not observed tumorigenesis using other cell differentiation paradigms (data not shown). Since we observe that ESCs and most iPSC lines generate cartilage safely in vitro and in vivo, cartilage differentiation may be an excellent system for recognizing a pro-oncogenic state in select human iPSC lines.
In this study we evaluated 21 human iPSC lines derived using five different reprogramming methods and three cellular origins. We observed that most lines could form cartilage normally (57.1%), however five iPSC lines clearly showed abnormal differentiation following differentiation into cartilage. We observed two different abnormal tissue formations. Four lines displayed epithelial tumor formation, while one displayed a cell death phenotype.
Through the timing of tumor and/or dying tissue observation, we could clarify three types of abnormal differentiation: early or late tumor formation, and cell death. In the early tumor-forming clones, we observed tumors following six weeks of differentiation. We could not identify any abnormalities in the late tumor forming lines at six weeks; these tumors usually occurred two weeks later. However, if we treated differentiation cultures with the p53 inhibitor pifithrin, tumors would occur earlier (Supplementary Figure 4) . Because pifithrin increased the penetrance of tumor formation, we used it routinely to increase the sensitivity of our interogation, making sure that we did not miss iPSC clones that were mildly tumorigenic.
For each type of abnormal differentiation, a pattern of gene expression was prevalent. Early tumorigenic clones showed high expression levels for the oncogenes, c-MYC and LIN28 following four weeks of differentiation. It has been reported that the activation of c-MYC and LIN28 promotes oncogenic transformation and is associated with induced inflammation and/or apoptosis [16] [17] [18] [19] . Although c-MYC's involvement is easy to reconcile, as this gene is used in reprogramming and could have been ''epigenetically awakened'' during differentiation, the involvement of LIN28 is less clear. LIN28 can be used to functionally replace c-MYC in the reprogramming cocktail 2 . LIN28 also appears to be transcriptional targets of c-MYC in early development 20, 21 . In contrast, the late tumorigenic clones showed high expression levels of the pluripotency genes, OCT4 and NANOG following two weeks of differentiation. As these genes counteract differentiation, this might explain the delayed appearance of tumor formation in these clones. Such changes in gene expression were not observed in the ESCs lines examined, nor in normal iPSC clones meaning that in the future it may be possible to simply screen for abnormal lines using gene expression profiling following cartilage differentiation. When comparing reprogramming methods, the use of protooncogenes, c-MYC and LIN28, as reprogramming factors showed a higher risk of pro-oncogenic state (4/13 [30%]), regardless of retroviral and episomal transduction. In addition to the selected reprogramming factors, cell source also appeared to affect this tumor-forming propensity, as three of the four tumorigenic lines were derived from the BJ fibroblast line. Although we were short of iPSC clone numbers to make firm conclusions, our results suggest that reprogramming methods and origin will have an impact on their risks of human iPSCs.
In summary, we have demonstrated a new way to test the oncogenic risk of human iPSCs using in vitro cartilage tissue engineering. It has been reported that human iPSCs show unexpected differentiation in various lineage promotion approaches [22] [23] [24] . This in vitro cartilage tissue engineering model has an advantage that it displays abnormal differentiation and/or tumor formation in vitro without having to use animal transplantation experiments. As undifferentiated iPSCs naturally give rise to teratomas when transplanted into animals, and differentiated cells suffer from immunological rejection due to xenograft, it is difficult to use an in vivo approach to identify abnormal cell lines. Our results here show that human iPSCs need to be tested for their differentiation propensity using a suitable differentiation model before cell therapy should be undertaken.
Methods
Chondrogenic differentiation. Human iPSCs were generated in University of Toronto and Kyoto University according to their respective University Ethics committees. The use of human ESCs and iPSCs were approved by the University of Calgary's Research Ethics Board.
Human ESCs and iPSCs were differentiated into chondrocytes using micro-mass culture. Briefly, ESCs and iPSCs were cultured at high-density, ,1.0 3 10 5 cells per 10 mL 3 7 spots in 6 cm culture dish for 3 hours. After incubation, medium was added to each dish without dissociating the cell drops. For differentiating pluripotent stem cells into chondrocytes, the differentiation medium contained: DMEM (Gibco), 1% non-essential amino acids (Invitrogen), 50 U/ml penicillin and 50 mg/ml streptomycin (Invitrogen), 0.1 mM 2-mercaptoethanol (Invitrogen), 1% ITS (Invitrogen), 1% FBS (Gibco), 10 ng/ml TGF-b1 (PeproTech), 10 ng/ml BMP-2 (PeproTech), and 50 mg/ml Ascorbic acid (Sigma). The medium was changed every 2 days. After 5 days, aggregates were physically separated and transferred to suspension culture in 6 cm petri dishes containing differentiation media 1% ITS, 1% FBS, 10 ng/ml BMP-2 and 50 mg/ml ascorbic acid.
Alcian blue staining. Proteoglycans secreted by chondrocytes were stained with Alcian Blue. Cells were fixed in 4% paraformaldehyde for 15 min and washed twice with PBS-T (0.05% Tween-20 in PBS). They were then stained with Alcian Blue (Wako) for 30 min, followed by de-staining for 3 min in 0.1 N HCl, and washed twice with PBS-T before visualization.
Immunofluorescence. Cells were fixed in 4% paraformaldehyde for 15 min and washed twice with PBS-T. Cell permeabilization was performed with PBS containing 0.1% Triton-X, followed by two washes with PBS-T, and a blocking step with PBS containing 3% BSA for 1 hour at room temperature. Primary antibody, COL2 (Santa Cruz, 15200) was added and incubated overnight at 4uC. Cells were washed three times with PBS-T, incubated with an Alexa Fluor 488 conjugated secondary antibody (15500) and DAPI (15500) for 2 hours at room temperature. Unbound secondary antibody was removed with three washes in PBS-T. Fluorescent images were captured using an IX70 fluorescent microscope (Olympus, Japan) equipped with a CCD camera (Q color5, Olympus, Qcapture Pro 6.0).
RNA isolation and quantitative real-time RT-PCR. Total RNA was isolated from cell culture using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions with on-column DNase I digestion. The amount of total RNA was measured using a Bio Photometer (Eppendorf). Five hundred nanograms of total RNA were used as a template for cDNA synthesis with the Super Script III FirstStrand Synthesis System (Invitrogen).
Amplified products were used to derive standard curves for quantitative real-time RT-PCR. Real-time RT-PCR was performed in an iCycler iQ system using a SYBR green PCR master mix (BioRad), with the following cycle conditions: an initial denaturation step of 95uC for 3 min, followed by 45 cycles of denaturation at 95uC for 30 sec, annealing at 58uC for 30 sec and extension at 72uC for 30 sec. Primers were designed based on the mouse sequence, and specificity was checked using BLAST (NCBI). Primer sequences are described in Supplementary Table 4 .
In vitro aggregate assay. The aggregates at 6, 8 and 10 weeks of differentiation were fixed in 4% paraformaldehyde. After dehydration in ascending concentrations of ethanol and xylene, the specimens were embedded in paraffin. The paraffin sections (5 mm) were then deparaffinized, hydrated, and stained with hematoxylin and eosin (H&E), Alcian Blue (Wako), COL 2, CEA, and CA19-9 (Santa Cruz).
In vivo implant assay. To determine chondrogenic potential in vivo, aggregates were injected into SCID mice. ESCs were differentiated into the chondrocyte lineage in vitro for 30 days; aggregates were then transplanted into SCID mice subcutaneously with a 25-gauge syringe. SCID mice were obtained from Charles River Canada and housed in the single-barrier animal facility of the Faculty of Medicine at the University of Calgary. After 6 months, the animals were euthanized and tissue at the point of injection was dissected. Tissue was fixed in 4% paraformaldehyde and decalcified using Cal-EX (Fisher) for a week. After dehydration in ascending concentrations of ethanol and xylene, the specimens were embedded in paraffin. Six mm paraffin sections were mounted and then deparaffinized, hydrated, and stained with H&E, Alcian Blue, Toluidine Blue (Wako), and Methylene Blue. Methylene Blue consisted of methylene blue (Sigma) and 0.03% basic fuchsin (Sigma).
TUNEL staining. To identify apoptotic cells, TUNEL staining was performed using the in situ cell apoptosis detection kit (Roche). Sections were fixed with 4% paraformaldehyde for 30 min. Terminal deoxynucleotidyl transferase (TdT) and biotin-11-dUTP reactions were performed for 1 hour at 37uC.
Tumor observation. To identify the amount of oncogenic transformation following cartilage differentiation, the number of aggregates with secretory tumor tissue was counted based on histomorphology, and was divided by the total number of aggregates to determine the percentage. Secretory tumor tissue was defined as the glandular epithelium and mucous gland cysts. Such secretory tumors were not observed in ESC-derived aggregates. Abnormal lines were defined has having .5% tumor observation.
Cell death and dying tissue. To identify the amount of dying tissue following cartilage differentiation, the number of aggregates with dead tissue was counted by histomorphology, and was divided by the total number of aggregates to determine the percentage. Dying tissue was defined as non/small-nuclear cells within cartilage or the degradation of mucous glands. The abnormal clones were defined as having a greater than 5% observation.
Statistical analysis. All charts contain the mean of N 5 3 with error bars of S.E.M. Treatment groups, or cells were compared across time points using a two-way ANOVA in GraphPad Prism version 5.0c. Each time point was then analyzed using Bonferroni post-tests to compare each cell type for each time point; P values ,0.05 were significant. One-way ANOVA was also performed. 
